INTRODUCTION
============

DNA damage has a causal role in carcinogenesis, ageing and several neurological syndromes. The cytotoxic consequences of DNA damage have been linked with degenerative changes in organs during ageing ([@B1]). Most of the toxic effects of DNA lesions probably arise from their interference with replication and transcription ([@B2]). At the same time, DNA lesions that are relatively well tolerated during replication and transcription generally are not cytotoxic, but often lead to mutations. This is the case for many of the DNA lesions that arise from oxidation of DNA bases by endogenously generated reactive oxygen species (ROS). Among these lesions, 7,8-dihydro-8-oxoguanine (8-oxoG) is one of the most frequent and the best studied. Removal of 8-oxoG from the chromosomal DNA occurs via a very efficient base excision repair (BER) pathway initiated by the DNA glycosylase OGG1 ([@B3; @B4; @B5]) that ensures repair within several hours in mammalian cells ([@B6]). If unrepaired, 8-oxoG can be efficiently, but inaccurately bypassed by replicating DNA polymerases, leading to C→A substitutions ([@B7],[@B8]) in the newly synthesized DNA strand. 8-OxoG does not strongly inhibit transcription by RNA polymerase II as demonstrated in various reconstituted transcription systems *in vitro* ([@B9; @B10; @B11]), and apparently has no direct effect on the transcription of plasmids introduced into cells by transfection ([@B12]). However, expression of oxidatively damaged plasmid DNA containing 8-oxoG as a predominant base lesion is compromised in cells from patients with Cockayne syndrome, which carry mutations in CSA or CSB genes ([@B13]). Transcription of plasmid DNA containing 8-oxoG bases is also affected in mouse embryonic fibroblasts with mutated CSB ([@B14]), most probably due to interference of base excision repair with ongoing transcription ([@B15]). The effect of oxidative DNA base lesions on transcription is thus relevant for the human pathological condition, namely Cockayne syndrome. Moreover, oxidative base damage apparently can affect gene expression even in the absence of genetic defects ([@B15]). Taken together, the observed effects suggest that even without constituting an elongation block for RNA polymerases, the oxidative DNA base lesions have a general role for regulation of transcription.

The transcriptional status of genes in the nucleus is governed by the chromatin structure at the regulatory promoter regions and the transcription start site ([@B16]). It has been shown that various kinds of DNA damage induce local changes in the chromatin structure ([@B17; @B18; @B19]). In chromosome regions that are critical for gene regulation, such chromatin changes will probably cause an altered gene expression. In fact, DNA double-strand breaks in the gene promoter have already been shown to induce multiple chromatin changes initiating permanent gene silencing in a small fraction of the repaired genes ([@B20]). However, the presence of distinctive chromatin structures at DNA damage sites of different nature and their potential relevance for regulation of gene expression remain to be established. In the present study, we aimed at understanding the role of histone modifications for the transcription of oxidatively damaged DNA.

MATERIALS AND METHODS
=====================

Plasmids and DNA damage conditions
----------------------------------

pDsRed-Monomer-N1 (pDsRed) plasmid was from Clontech (Saint-Germain-en-Laye, France). pEGFP-mODC-ZA (pZA) that encodes for enhanced green fluorescent protein has been described previously ([@B15]). The plasmids used do not replicate in HeLa cells and express the specified reporter proteins under the control of the human cytomegalovirus (CMV) immediate early promoter. Covalently closed pZA was damaged with light from a halogen lamp (Philips PF811) in the presence of 0.8 µM methylene blue (Sigma-Aldrich, Taufkirchen, Germany), as described previously ([@B15]). Methylene blue was removed by repeated extraction with a double volume of 1-butanol followed by DNA precipitation with ethanol. Average numbers of single-strand breaks (SSBs) in plasmid DNA were calculated by the Poisson formula from the relative frequencies of covalently closed and nicked molecules determined after separation of the two DNA forms by gel electrophoresis. Oxidized guanines were quantified as SSB induced by treatment with an excess of the specific DNA glycosylase Fpg, as previously described ([@B15]). Linear dependence of generated damage on the light dose has been confirmed over the range of light exposure times (data not shown), and the plasmid containing three Fpg-sensitive base modifications (unless otherwise specified) has been used in transfection experiments. The control undamaged plasmid has been dark-incubated with methylene blue.

Transfection and protein expression analyses
--------------------------------------------

Exponentially growing HeLa cells were taken for transfections. Unless otherwise specified, the cells were transfected in full medium in six-well plates (Nunc, Wiesbaden, Germany) with a mixture containing 400 ng of undamaged pDsRed plasmid DNA, 400 ng of pZA plasmid DNA (non-damaged or containing three oxidized guanine bases generated by methylene blue plus light), and Effectene® transfection reagent (Qiagen, Hilden, Germany). If intended for chromatin analyses, transfections were performed in 94-mm Petri dishes, and the amount of each plasmid scaled up to 2 µg. The transfection reagent was removed after 4 h. Eight hours after transfection start the cells were detached. One part was fixed for flow cytometric analyses as previously described ([@B21]), and the remainder was split into different wells that were harvested and fixed at the indicated times after transfection. The expression levels of DsRed-Monomer and green fluorescent protein (GFP) were analysed by flow cytometry using BD FACSCalibur™ and CellQuest Pro software (Beckton Dickinson, GmbH, Heidelberg, Germany). The median GFP fluorescence was determined in transfected cells, defined by high expression of DsRed-Monomer protein as described previously ([@B15]) applying a FL-2 threshold level of 30. The fractions of cells with inactivated GFP gene were determined as percentages of DsRed-positive cells that failed to express GFP.

Determination of plasmid survival in the cells and mRNA expression levels
-------------------------------------------------------------------------

Cells were split in three equal parts 8 h after transfections and incubated in six-well plates for additional 16 h. For RNA isolation, one part was lysed with TRIZOL® Reagent (Invitrogen, Karlsruhe, Germany), according to the manufacturer's instructions. The second part was incubated for 3 h at 50°C in 0.5% sodium dodecyl sulphate supplemented with 100 mg/l Proteinase K and used for isolation of total DNA by standard phenol--chlorophorm extraction procedures followed by ethanol precipitation. The third part was used for protein expression analyses, as described in the previous section. The plasmid copy numbers in DNA samples were determined by real-time quantitative PCR. After normalization on the recovered amounts of the reference pDsRed plasmid in each sample, the surviving fractions of the damaged pZA plasmid were then calculated relative to the recovery of undamaged pZA plasmid. RNA samples were treated with DNase I (Fermentas, St. Leon-Rot, Germany) for 30 min at 37°C. RNA integrity was verified by denaturing agarose gel electrophoresis. Reverse transcription (RT) reactions were performed with a Revert Aid™ First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany) using random hexamer primers. cDNA samples were diluted 1:10, 1:150, and 1:1500 and quantified by real-time quantitative polymerase chain reaction (PCR) with gene-specific primers chosen within the single exons. Standard curves were built by serial dilutions of DNA isolated in parallel from the same transfection samples. The absence of contamination with chromosomal or plasmid DNA was confirmed by the absence of PCR products prior to RT.

Isolation of nuclei for the chromatin analyses and plasmid-ChIP
---------------------------------------------------------------

Four million cells were plated per 94-mm Perti dish 16 h prior to transfections. The cells were transfected as described above. At the day of transfection, 20 million cells were plated per 175 cm^2^ flask counting one flask per each plate of the transfected cells. These cells were used as a carrier during the isolation of nuclei. 24 h after transfections, each plate of the transfected cells was processed simultaneously with one flask of the carrier cells. The growing cells were cross-linked by adding 1% formaldehyde directly to the conditioning medium for 17 min at room temperature with gentle shaking. Cross-linking reactions were stopped with 0.125 M glycine, and the cells then kept on ice for the whole procedure. Monolayers were washed once with ice-cold phosphate-buffered saline (PBS) supplemented with 0.5 mM phenylmethanesulphonylfluoride, and harvested by scraping in a smaller volume of PBS supplemented with protease inhibitors. At this point, transfected cells were mixed with the carrier cells in a total volume of 25--30 ml and collected by centrifugation. Nuclei were further isolated from the cell pellets exactly following the 'chromatin immunoprecipitation (ChIP) assay' protocol by A. Kouskouty and I. Kyrmizi (PROT11, The EPIGENOME Network of Excellence, [www.epigenome-noe.net](www.epigenome-noe.net)), and finally resuspended in 1 ml of NUC buffer (15 mM HEPES pH 7.5, 60 mM KCl, 15 mM NaCl, 0.34 mM Sucrose, 0.15 mM β-mercaptoethanol). Aliquots were 40-fold diluted with 1 M NaOH, and OD260 was measured after incubation at room temperature for 5 min. The samples were divided in portions of 25 OD260 units and processed immediately for further applications or stored at --70°C for up to 1 month.

Preparation of soluble chromatin and equilibrium centrifugation
---------------------------------------------------------------

25 OD260 units of nuclei preparations were supplemented with 10 mM CaCl~2~ and digested with micrococcal nuclease (Fermentas, St. Leon-Rot, Germany). Digestions were performed with 40 U micrococcal nuclease (MNase) for 8 min at 37°C. The reactions were stopped by 10 mM ethylenediaminetetraacetic acid (EDTA) and 1% sodium dodecyl sulphate (SDS). Digested nuclei (20 OD260 units) were adjusted to 2 ml with TE buffer (10 mM Tris--HCl pH 8.0, 1 mM EDTA) containing 1% SDS and additionally sheared using a Bachofer GM 70 HD ultrasonic processor (Bachofer, GmbH, Reutlingen, Germany) equipped with a microtip. The samples were kept on ice/water slurry and sonicated 6 min at 20% power, then 6 minutes at 50% power at 40% duty cycle. Equal DNA fragmentation between the chromatin samples was checked in small aliquots after cross-link reversal by incubation at 65°C overnight followed by electrophoresis in 1.5% agarose gels.

If the chromatin samples were planned to be analysed by CsCl density gradient centrifugation, SDS was substituted for *N*-lauroylsarcosine during the chromatin solubilization procedure. CsCl solutions of 58%, 45% and 34% (w/w) were prepared in TE buffer and gradients were pre-formed by overlaying 1.65 ml of each solution and 1.65 ml of solubilized chromatin. Ultracentrifugation was performed in an Optima™ ultracentrifuge (Beckmann Instruments GmbH, München, Germany) with an AN-60TI rotor at 55 kRPM for 24 h at 20°C.

ChIP
----

Antibodies used for ChIP are listed in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq170/DC1). The sonicated chromatin samples were incubated at room temperature to dissolve the precipitated SDS, then vortexed and centrifuged for 10 min at maximum speed in a benchtop microcentrifuge to remove insoluble material. The buffer was then adjusted to radioimmunoprecipitation assay (RIPA) buffer \[50 mM Tris--HCl (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 150 mM NaCl, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS\]. Preclearing with ProteinA/Protein G-Sepharose beads, chromatin immunoprecipitation, and cross-link reversal procedures were essentially as previously described ([@B22]) with few improvements. Namely, 0.9 OD 260 units of soluble chromatin were taken for incubation with each antibody and 0.27 OD260 units kept separately as a '30% input' after the preclearing step. Following cross-link reversal and proteinase K treatment, DNA was purified from the 100 ul supernatants and from the 'input' samples by a MinElute reaction cleanup kit (Qiagen, Hilden, Germany). Finally, DNA was eluted in 40 ul Tris--HCl, pH 8.0 for direct use as a template in PCR reactions.

Real-time quantitative PCR
--------------------------

We used a Light Cycler 1.5 and FastStart DNA Master^PLUS^ SYBR Green I kit (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions. The oligonucleotides employed as PCR primers and the specific PCR parameters are listed in [Supplementary Tables S2](http://nar.oxfordjournals.org/cgi/content/full/gkq170/DC1) and [S3](http://nar.oxfordjournals.org/cgi/content/full/gkq170/DC1). All oligonucleotides were from Eurofins MWG Operon (Ebersberg, Germany). All primers were controlled by melting curve analyses and agarose gel electrophoresis to produce a single specific PCR product. For each measurement, at least four standards prepared as dilutions of the relevant ChIP input DNA were amplified to generate a standard curve (linear regression coefficients were not \<0.98). The measurements were done at least in duplicates. Recovered amounts (R) of all analysed DNA fragments were thus measured as fractions of input DNA and expressed for convenience as per mille (‰) of input. To correct for overall ChIP efficiencies between the samples processed independently within a single ChIP experiment, the recovery of each DNA fragment originating from the pZA plasmid was calculated relative to that of the promoter region of the reference pDsRed plasmid in the same ChIP sample: *R*rel = *R*~(pZA)~/*R*~(pDsRed)~. Finally, mean relative recoveries for *n* ChIP experiments were calculated separately for the non-damaged (oG = 0) and damaged (oG = 3) pZA and for each analysed DNA fragment. Two-tailed Student's *t*-test was applied to calculate *P*-values for the observed differences.

RESULTS
=======

Gene inactivation by oxidative guanine lesions
----------------------------------------------

Oxidative guanine lesions were generated in covalently closed pZA plasmid encoding for enhanced GFP by exposure to visible light in presence of the photosensitizer methylene blue. In double-stranded DNA, this treatment yields 8-oxoG as a predominant base modification, while oxidative pyrimidine products, sites of base loss and SSBs occur at many fold lower frequencies ([@B23],[@B24],[@B15]). Expression of GFP from the damaged or undamaged pZA plasmid was analysed at various times after delivery into the HeLa cells. To distinguish between the non-transfected cells and those with impaired GFP expression, a second (undamaged) reporter plasmid encoding for DsRed-Monomer protein was used as a tracer. Fluorescence of DsRed can be conveniently detected by flow cytometry and does not interfere with the GFP measurement. The cells expressing only DsRed-Monomer thus localize in the upper left quadrant of the fluorescence scatter plot ([Figure 1](#F1){ref-type="fig"}A), while most of the cells expressing both DsRed-Monomer and GFP are found in the upper right quadrant, and the non transfected cells remain in the lower left quadrant. Figure 1.Gene inactivation by oxidative guanine lesions. (**A**) Dot density plots obtained by flow-cytometric analyses of the expression of DsRed-Monomer and green fluorescent protein (GFP) in HeLa cells at indicated times after co-transfection with equal amounts of pZA and pDsRed plasmids. The plasmid encoding for GFP was either not damaged (oG = 0) or contained on average three oxidized guanines (oG = 3). The transfected cells that do not express GFP localize in the upper left quadrants (marked with asterisks). (**B**) Quantitative analyses of the data presented in A representing percentages of the transfected cells located in the upper left quadrants (left) and median GFP fluorescence in the cells with a high DsRed-Monomer expression level (right). (**C**) Detection of oxidized guanine bases (oG) in the damaged plasmids by incubation with Fpg DNA glycosylase. The numbers of oxidized guanines were determined from the ratios of covalently closed circular (ccc) to open circular (oc) forms as described in 'Materials and Methods' section.

A representative time-course experiment demonstrating the effect of DNA damage on GFP expression is shown in [Figure 1](#F1){ref-type="fig"}A. Each sample of the transfected cells was split into five parts to be analysed at different times after transfection. When undamaged pZA was used for transfection, virtually all cells (99.8% or more) expressing the tracer plasmid were also expressing GFP and were found in the upper right quadrant at all times. In contrast, cells transfected with the damaged pZA showed a different pattern of protein expression. Eight hours after transfection, GFP was detected in 99.2% of the transfected cells. However, the cells were gradually loosing the GFP expression during the time course as it is seen by their redistribution from the upper right to the upper left quadrant in the fluorescence scatter-plots ([Figure 1](#F1){ref-type="fig"}A). The fraction of GFP-negative cells was then steadily increasing during the whole time of surveillance of 48 h. The most rapid decrease in GFP expression was observed between 8 and 32 h post-transfection ([Figure 1](#F1){ref-type="fig"}B). This tendency was confirmed by calculating the average GFP fluorescence among the cells expressing high levels of DsRed-Monomer protein (see 'Materials and Methods' section). The DNA damage caused a 1.8-fold decrease in median GFP fluorescence 8 h after transfection. This ratio grew to 5-, 9- and more than 17-fold (16, 24 and 48 h after transfection, respectively) ([Figure 1](#F1){ref-type="fig"}B, right chart). The results did not vary significantly between different plasmid preparations and were not influenced by the interexperimental differences in overall transfection efficiency as confirmed by at least five independent experiments.

GFP expression decreased in clear dependence on the damaging dose applied to the pZA plasmid. A very similar dose-dependent response was also observed in the expression of DsRed-Monomer when pDsRed plasmid was damaged ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq170/DC1)). A time course of DsRed-Monomer expression in the cells transfected with oxidatively damaged pDsRed plasmid also showed a gradual and time-dependent decrease in expression of the damaged gene ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq170/DC1)). The results thus indicate that oxidative base damage in DNA triggers a cellular mechanism, which affects the gene expression specifically in the damaged DNA. Strikingly, the gene expression of the damaged plasmid did not recover after two or three cell divisions. Persistent inactivation of the oxidatively damaged reporter gene therefore appears as a late consequence rather than direct effect of the DNA damage.

Effect of oxidative base damage on the amounts of plasmid DNA retained in transfected cells and the levels of mRNA expression
-----------------------------------------------------------------------------------------------------------------------------

The decreased expression of the oxidatively damaged plasmid DNA can hardly be attributed to the impaired delivery to the host cells during transfection. Firstly, quantity and topology of the damaged DNA were not much different from the undamaged plasmid ([Figure 1](#F1){ref-type="fig"}C). Second, expression of the damaged DNA was detected in more than 99% of the transfected cells at early time after transfection. Consequently, the damaged plasmid underwent at least one or several rounds of transcription after its delivery to the nucleus and was later modified in a manner that caused gene expression to decrease. We therefore hypothesized that the recognition of the oxidative base damage by DNA repair enzymes (e.g. OGG1 or NEIL1) or by other DNA maintenance proteins would promote either nucleolytic degradation or transcriptional silencing of the damaged DNA. To define the effect that a reduced amount of plasmid would have on the measured reporter gene expression, we performed transfections with decreasing amounts of pZA plasmid encoding for GFP, keeping the amount of the tracer pDsRed plasmid constant. We found good linear correlation between the pZA amount used for transfection and GFP fluorescence output ([Figure 2](#F2){ref-type="fig"}A). Thus, eventual degradation of the damaged plasmid in the cell in principle could be a cause of the decreased reporter protein levels. To test this possibility, we measured the amounts of plasmid DNA residing in the cells and, in parallel, GFP fluorescence 24 h after transfections ([Figure 2](#F2){ref-type="fig"}B). GFP expression levels in the cells transfected with non-damaged pZA plasmid ([Figure 2](#F2){ref-type="fig"}B, upper panel) were proportional to the amounts of plasmid DNA recovered from the cells. Surviving fractions of the plasmid DNA residing in the cells were considerably decreased if DNA modifications were present ([Figure 2](#F2){ref-type="fig"}B, lower panel). Clearly, the yields of GFP fluorescence in the cells transfected with damaged pZA plasmid were decreased to a much bigger extent than the amounts of the residing plasmid DNA ([Figure 2](#F2){ref-type="fig"}B, lower panel). The data thus show that oxidative DNA damage not only promotes degradation of 40--60% of the plasmid DNA in the transfected cells, but also causes an even stronger decrease of expression of the remaining plasmid DNA. Figure 2.Plasmid survival and reporter gene expression in HeLa cells. The cells were transfected with 400 ng pDsRed plasmid (non-damaged reference) together with the indicated amounts of pZA plasmids (non-damaged or damaged, as specified). (**A**) Relative GFP fluorescence as a function of the amounts of non-damaged pZA plasmid used for transfection. Means of three independent experiments (±SD). (**B**) Comparison of DNA amounts recovered from the cells (open columns) and GFP protein expression (black columns) for the range of transfection inputs of the non-damaged (oG = 0) and damaged (oG = 3) pZA plasmid. All values are expressed relative to the values obtained after transfection with 400 ng of undamaged pZA plasmid. (**C**) Messenger RNA expression 24 h after transfections with non-damaged (oG = 0) and damaged (oG = 3) pZA plasmids. cDNA copy numbers (mean and data range) were determined by real-time PCR relative to the copy numbers of DNA recovered from the transfected cells. Mean GAPDH cDNA copy number is used for normalisation between the samples (duplicates).

We further tested to which extent the levels of mRNA produced from the plasmid gene were influenced by oxidative DNA damage. The levels of gene-specific transcripts were quantified by reverse transcription and real-time quantitative PCR relative to the DNA extracted from the transfected cells. Nearly the same levels of GFP and DsRed-Monomer transcripts were detected in the cells co-transfected with equal amounts of non-damaged pZA and pDsRed plasmids ([Figure 2](#F2){ref-type="fig"}C). At the same time, co-transfection with the same amounts of non-damaged pDsRed and oxidatively damaged pZA resulted in a 6- to 7-fold excess of DsRed-Monomer over GFP transcripts, both measured relative to amounts of surviving plasmid DNA ([Figure 2](#F2){ref-type="fig"}C, right panel). We thus conclude that degradation of the plasmid DNA can only partly account for the decreased transgene expression caused by the oxidative DNA base damage, while at least half of the effect has to be attributed to a mechanism modulating RNA synthesis. A recent communication reported an association of transiently transfected DNA with histones already within several hours after delivery to the host cells ([@B25]). This timing coincides with the decrease of expression of the damaged DNA observed in the present study. We therefore further assessed the potential role of chromatin structure in the regulation of transcription of the damaged DNA.

Association of transiently transfected plasmids with chromatin
--------------------------------------------------------------

We first tested whether the transiently transfected plasmid DNA becomes assembled into chromatin structure. The nuclei isolated from cells 24 h after transfection were treated with micrococcal nuclease (MNase) to solubilize chromatin. Purified pDsRed plasmid was added as an internal control representing naked DNA during the MNase digestion of the nuclei. Digested nuclei lysate was fractionated by equilibrium centrifugation in a CsCl gradient, and the fractions were analysed by agarose gel electrophoresis ([Figure 3](#F3){ref-type="fig"}, top). Since the plasmid DNA makes a very small contribution to the total amount of DNA, only the distribution of chromosomal DNA is seen in the agarose gel. Most of DNA was found in fraction 4 followed by the fractions 5 and 6, thus indicating a peak of the chromatin fraction in the density gradient. To determine the location of the transfected plasmid (pZA) and of the naked plasmid DNA (pDsRed) in the same gradient, the fractions were diluted and analysed by semi-quantitative PCR with specific primers. The gel photos show the product analyses of the PCR reactions that were performed for the indicated number of cycles. The cycle numbers were determined empirically for each primer pair to avoid saturation of the PCR. Alignment of the two gels clearly shows that the DNA originating from the transfected pZA plasmid was shifted to higher gradient fractions, in comparison to the naked pDsRed DNA that has not been transfected ([Figure 3](#F3){ref-type="fig"}, lower two gels). The observed distribution of the transfected plasmid is an indicator for its stable association with nucleoproteins within the chromatin, which results in a decreased buoyant density of the macromolecular complexes. Quantification of the PCR product bands indicates that naked DNA was almost exclusively found in the bottom of the gradient, in accordance with the relatively high density of the naked DNA (∼1.7 g/ml). A minor amount of naked DNA was smeared across the gradient, and approximately 10% was found as a small peak in the protein-rich fractions 9 and 10, being probably trapped by interaction with non-chromatin proteins ([Figure 3](#F3){ref-type="fig"}). Remarkably, the distribution of the transfected DNA was completely different. Transfected DNA was clearly enriched in the fractions 4--6, with the maximal signal observed in fraction 4. Approximately 30% of the transfected DNA was found in the fractions 1 and 2, probably indicating the absence of proteins or a lower density of chromatin in this subpopulation of the plasmid molecules. Localization of the transiently transfected plasmid DNA within the chromatin fractions was observed in three independent experiments, while the naked pZA plasmid---similarly to pDsRed---was predominantly found in the lower gradient fractions (data not shown). Altogether, the data suggest that plasmid DNA is largely organized in chromatin 24 h after transfection. Thus, transcription of the transiently transfected transgene occurs in a chromatin context and potentially can be influenced by the chromatin structure. Figure 3.Association of the transfected plasmid with chromatin. Nuclei isolated from HeLa cells 24 h after transfection with undamaged pZA were mixed with pure pDsRed plasmid and treated with MNase as described in 'Materials and Methods' section. (Top) Agarose gel electrophoresis of the fractions obtained by isopycnic centrifugation of the MNase-treated nuclei and of the products of PCR performed with diluted fractions of the same CsCl gradient (numbers indicate the gradient fractions starting from the bottom). M, molecular size marker; nt, no template; p, plasmid DNA. (Bottom) Distribution of the two plasmids (transfected and naked) between the gradient fractions.

Histone components of the transiently transfected GFP gene
----------------------------------------------------------

We then quantified the histone modifications that could potentially influence the activated or repressed state of the transiently transfected plasmid gene in the absence of damage. Acetylation of the histones H3 and H4 was analysed, since both acetylated histones are generally found in the promoters of actively transcribed genes in human cells and correlate well with an activated gene status ([@B26],[@B16]). Among the chromatin marks frequently associated with gene repression, dimethylation of the histone H3 lysine residue 9 and trimethylation of lysine 27 were chosen, since these modifications are known to promote gene silencing via heterochromatin formation ([@B26],[@B27]). In addition, histone H1 was assessed as a marker of general chromatin compaction.

The data show that acetylated histone H4 (H4Ac) is associated with the transiently transfected pZA plasmid, as the recoveries of both the promoter and 3′UTR DNA fragments were strongly enriched after immunoprecipitation with anti-AcH4 antibody, in comparison to the non-immune IgG ([Figure 4](#F4){ref-type="fig"}). This tendency was confirmed in five independent experiments ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq170/DC1)). However, the degree of association of the plasmid DNA with H4Ac was not very high in comparison to the chromosomal gene loci. Thus, similar levels of H4Ac were detected in the chromatin of MYOD1 and AFM genes ([Figure 4](#F4){ref-type="fig"}) that have very low expression levels in HeLa cells (as shown in [Figure 2](#F2){ref-type="fig"}C). At the same time, the promoter region of the actively expressed housekeeping GAPDH gene typically contained 3--4-fold higher levels of AcH4 ([Figure 4](#F4){ref-type="fig"}). Acetylated histone H3 (AcH3) was barely detectable in the chromatin associated with the plasmid DNA. The recoveries of the plasmid fragments were only marginally higher than those obtained with non-immune IgG (between 0.3 and 9 per mille of the total input DNA, depending on the ChIP experiment), and the differences between the specific and non-specific antibodies were not significant. If bound to the plasmid DNA, AcH3 would be detected in our ChIP experiments, as it was readily detected in the proximal promoter region of the GAPDH gene ([Figure 4](#F4){ref-type="fig"}). Figure 4.Chromatin features characteristic for the undamaged GFP transgene. Quantification of histones with the indicated posttranslational modifications at the transiently transfected GFP gene (promoter, 3′UTR) and the promoter-proximal regions of three chromosomal genes (GAPDH, MYOD1 and AFM), and occupancy of the indicated gene fragments by RNA polymerase II (Pol2). Data of representative ChIP experiments with typical proportions in recoveries of the analysed DNA fragments (mean and data range of two determinations). Dotted line shows maximal recovery with non-immune IgG observed in the corresponding experiments.

Of the chromatin marks associated with gene silencing, dimethylation of lysine 9 of the histone H3 (H3K9Me2) was found associated with the non-damaged transfected plasmid DNA, as ChIP recoveries with the corresponding antibody were reproducibly higher than those of non-immune IgG in all three performed experiments. The amount of H3K9Me2 in the 3′UTR region of the plasmid GFP gene was reproducibly higher than in the promoter region (by factors between 1.7 and 3.0). Such pattern is in agreement with an elongation-dependent deposition of H3K9Me2 that has been recently reported for transcribed gene regions ([@B28]). The association of H3K9Me2 with the MYOD1 and AFM chromosomal regions was clearly and reproducibly detected, in accordance with the repressed status of the corresponding genes, while the GAPDH fragment showed low levels of H3K9Me2. Histone H1 was clearly present in all tested DNA fragments (judged from the comparison of the specific DNA recoveries with those of non-immune IgG). Average histone H1 levels were higher at the 3′UTR of the plasmid GFP gene, than at the promoter region (*P* = 0.004). Histone H1 levels were especially high at the MYOD1 and AFM fragments. Finally, association of trimethylated histone H3 (H3K27Me3) with plasmid DNA could not be reproducibly detected in three ChIP experiments. On average, recoveries of the 3′UTR region were marginally higher than those of the promoter region but still not significantly exceeding those of the non-immune IgG, though, MYOD1 and AFM (but not GAPDH) chromosomal fragments were reproducibly enriched in H3K27Me3 ([Figure 4](#F4){ref-type="fig"}). We thus assume that this modification is not present in the plasmid chromatin, unless in minor amounts that could remain undetectable because of relatively low efficiencies of immunoprecipitations with this antibody.

We also tried to measure the amount of RNA polymerase II (Pol2) bound to the transfected DNA. Although the plasmid fragments were slightly enriched by immunoprecipitation in comparison to the MYOD1 fragment ([Figure 4](#F4){ref-type="fig"}), the fragment recoveries relative to input were lower than in case of non-immune IgG. Due to the insufficient plasmid DNA recovery with Pol2 antibodies, we unfortunately could not further assess the recruitment of RNA polymerase II to the damaged DNA. Pol2 could be detected at the GAPDH fragment, in agreement with the reports that detection of Pol2 resting at the promoter-proximal posing sites is more efficient with respect to the elongating Pol2 ([@B29],[@B30]).

We have thus found a transcription-activatory chromatin mark (AcH4) as well as features associated with gene repression (H3K9Me2 and histone H1) in the promoter of the transiently transfected gene. Since quantitative changes in each of the detected chromatin components could modulate the gene transcription, we aimed at the identification of chromatin alterations that would be characteristic for oxidatively damaged DNA.

Effects of DNA damage on the histone marks of the GFP transgene
---------------------------------------------------------------

To allow quantitative analyses of the chromatin components at the oxidatively damaged pZA plasmid in comparison to the undamaged plasmid, an internal reference DNA (pDsRed plasmid) was introduced to correct for the potentially variable DNA recoveries in ChIP. The reference plasmid DNA contains the same promoter sequence as the studied pZA plasmid and was thus expected to have the same chromatin structure as the corresponding pZA fragment. The reference plasmid (pDsRed) was co-transfected into the HeLa cells together with either undamaged or damaged pZA. Subsequently, non-transfected carrier cells were added, and the nuclei were isolated and used to produce soluble chromatin, suitable for immunoprecipitation ([Figure 5](#F5){ref-type="fig"}A). The promoter DNA fragments derived from the two different plasmids can be distinguished by PCR due to a specific reverse primer annealing within the plasmid-specific sequences downstream from the transcription start site ([Figure 5](#F5){ref-type="fig"}B and [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkq170/DC1)). The amounts of the DNA fragments of the damaged or undamaged pZA in the ChIP samples were thus determined relative to the amount of pDsRed promoter (internal control). Figure 5.Quantitative comparison of the chromatin components in the undamaged and damaged plasmid DNA. (**A**) Experimental flowchart of transfection and chromatin preparation. The reference non-damaged pDsRed plasmid is introduced as an internal standard for chromatin immunoprecipitation. (**B**) Summary of DNA fragments analysed by real-time PCR. (**C**) DNA fragment size analyses after the reversal of cross-links in the samples transfected with an undamaged pZA (lane 1) or pZA containing three oxidized guanines (lane 2). M. molecular size marker. (**D**) ChIP enrichments of the undamaged pZA (oG = 0, white bars) and damaged pZA (oG = 3, black bars) DNA fragments, relative to the promoter fragment of the reference pDsRed plasmid (not plotted, equals to 1 in all graphs). Error bars indicate standard deviation of the mean for *n* ChIP experimens.

Since the size of chromatin fragments can strongly influence the quantitative recovery in ChIP, the samples transfected with different plasmids were carefully controlled to produce chromatin fragments of the same size ([Figure 5](#F5){ref-type="fig"}C).

Histone H1 has been previously demonstrated to act as a general transcription repressor in transiently transfected DNA ([@B25]). We have therefore analysed the levels of histone H1 recruited to the damaged DNA. On average, histone H1 was enriched in the promoter region as a consequence of DNA damage, but the difference between the damaged and undamaged pZA was not highly significant (*P* = 0.16 in Student's two-tailed *t*-test) ([Figure 5](#F5){ref-type="fig"}D) and observable not in all experiments. We thus propose that the recruitment of histone H1 to the damaged DNA generally correlates with the decreased transcription but probably is not causal for repression of the damaged gene.

Acetylated histone H4 (AcH4) was observed in the same amounts at the promoter region of the undamaged pZA plasmid and at the promoter of the reference pDsRed plasmid ([Figure 5](#F5){ref-type="fig"}D). At the same time, the recovery of the promoter region of the damaged pZA plasmid was decreased on average by 27% relative to the promoter of the reference undamaged pDsRed plasmid and by 25% in comparison to the same promoter region in non-damaged pZA (*P* \< 0.0001). This effect was consistently detected in five ChIP experiments ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq170/DC1)). Interestingly, the decrease of AcH4 was reproducibly observed in the promoter region, but not in the other two DNA fragments. The levels of acetylated histone H3 (AcH3) were very low in the plasmid DNA and were not significantly influenced by the DNA damage ([Figure 5](#F5){ref-type="fig"}D). In addition, there were no major differences in the levels of the methyl histone H3 marks (H3K9Me2 and H3K27Me3). However, since the chromatin immunoprecipitation data for H3K9Me2 and H3K27Me3 showed bigger interexperimental variations than those for the acetylated histones, small changes in their levels cannot be ruled out. For all antibodies employed, the recoveries of the corresponding promoter regions of non-damaged pZA and pDsRed plasmids were very similar (pDsRed promoter set to 1 in [Figure 5](#F5){ref-type="fig"}).

Effect of trichostatin A on expression of the damaged plasmid DNA
-----------------------------------------------------------------

The chromatin immunoprecipitation results described above show that among the analysed chromatin marks decrease of acetylation of the histone H4 could be relevant for transcriptional gene inactivation caused by the oxidative DNA damage. To test for a causal connection between the decrease of histone acetylation and silencing of the damaged GFP transgene, we treated transfected cells with the inhibitor of histone deacetylases trichostatin A (TSA). A dose-dependent recovery of expression of the damaged DNA was observed in the range of TSA concentrations between 111 and 333 nM ([Figure 6](#F6){ref-type="fig"}). The dose-dependent effect of TSA was observed in three independent transfection experiments. TSA doses higher than 333 nM induced significant cytotoxicity and could not further improve the expression of the oxidatively damaged transgene (data not shown). Figure 6.Effect of trichostatin A on expression of the oxidatively damaged gene. Expression of the oxidatively damaged plasmid containing on average two oxidized guanines (oG = 2) relative to the undamaged plasmid (oG = 0) in presence of the indicated concentrations of trichostatin A. Cells were transfected with the same plasmid preparations for the whole range of trichostatin A concentrations. GFP expression for the treatments which were done in duplicates was measured by flow cytometry as median GFP fluorescence. Error bars indicate the data range.

DISCUSSION
==========

Transfection of chemically modified plasmid DNA into undamaged cells is a useful strategy to study DNA repair and physiological effects of DNA damage, thanks to the defined chemical nature of the damage and localization of the damage sites within a restricted region of DNA. This method is widely used to study the repair of bulky DNA lesions, such as UV photoadducts ([@B31]), and proved valuable for investigation of mismatch repair ([@B32]) and translesion DNA synthesis ([@B33]). Since processing of the DNA lesions occurs in the nucleus of the host cell, it is supposed to be similar to the physiological processing of the damage occurring in the chromosomal DNA. The main concern about the plasmid based approach is the lack of comprehensive knowledge about the capacity of transiently transfected DNA to form a chromatin structure. It has often been assumed that transiently transfected plasmid DNA remains chromatin free. However, new evidence has been obtained that plasmid DNA is associated with histones shortly after being delivered to the nucleus and forms a nucleosomal structure stoichiometricaly similar to that of a chromosomal DNA fragment ([@B25]). Hence, DNA repair and transcription machineries operating on the plasmid DNA would likely have to deal with DNA wrapped around nucleosomes. Association of the transiently transfected plasmid DNA with histones is confirmed in the present study ([Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). Furthermore, the data presented here ([Figure 4](#F4){ref-type="fig"}) indicate that posttranslational modifications of the nucleosome core histones, as well as linker histone H1, are present in the transiently transfected plasmid and thus can be relevant for regulation of the plasmid genes.

DNA quantification by real-time PCR indicated that a fraction of the damaged plasmids is lost during incubation in the host cells ([Figure 2](#F2){ref-type="fig"}B). One possibility is that the nuclear import of plasmid DNA is handicapped by the presence of oxidative base damage. Since DNA transport through the nuclear pores requires binding of proteins (e.g. transcription factors) ([@B34]) and such binding can be inhibited by the presence of oxidized guanines ([@B35],[@B36]), a fraction of the damaged DNA that failed to rapidly enter the nucleus could be subsequently degraded by cytoplasmic nucleases ([@B37]). Alternatively, incision of the oxidized DNA bases by specialized DNA repair endonucleases could promote degradation of the plasmid DNA by exonucleases in the nucleus. Whatever is the mechanism for DNA degradation, our data show that the remaining fraction of oxidatively damaged plasmid molecules in the cell nucleus (at least 40%) fails to sustain the reporter gene expression at a proportional level ([Figure 2](#F2){ref-type="fig"}B). Concordantly, mRNA production was decreased several-fold in consequence of the DNA damage ([Figure 2](#F2){ref-type="fig"}C), indicating a persistent transcriptional repression.

A major oxidative base lesion produced during DNA oxidation by methylene blue plus light is certainly 8-oxoG ([@B38],[@B15]). There are several putative mechanisms by which oxidative DNA base lesions such as 8-oxoG could negatively influence the expression of a reporter protein. 8-OxoG does not significantly interfere with transcript elongation by RNA polymerase II ([@B9; @B10; @B11]), but it can interfere with the recruitment of transcription factors to the promoter region ([@B35],[@B36]) possibly acting in the initiation phase of transcription. In addition, 8-oxoG is reported to cause misincorporation of adenine into messenger RNA in a process called 'transcriptional mutagenesis', leading to the synthesis of an aberrant protein ([@B39]). Nevertheless, several considerations make us believe that a direct effect of oxidative DNA base damage does not have a significant effect on gene expression under the studied conditions. Firstly, excision of 8-oxoG is very efficient in mammalian cell lines that express catalytically active OGG1. We observed a half-life of ∼3 h for Fpg-sensitive sites induced by photosensitisation in HeLa cells (Anderhub,S., unpublished data). If plasmid DNA is repaired with the same efficiency, we expect most of the DNA lesions to be repaired by the time when the decrease in gene expression takes place (between 8 and 32 h, [Figure 1](#F1){ref-type="fig"}). Secondly, at the employed density of the DNA lesions (on average, 3 Fpg-sensitive DNA base modifications per plasmid molecule), the damage within the regulatory element of the promoter or in the coding region of the GFP gene would occur in only a minor fraction of the plasmid molecules. Finally, any direct effect of the DNA lesions would not explain the decrease of expression of the damaged gene with time. A more plausible scenario would be triggering of a gene silencing mechanism by DNA damage. Particularly intriguing in this case is the question which factor or group of factors mediate transcriptional repression at the damaged DNA, starting from the damage recognition event. Candidate factors could involve components of machineries dealing with chromatin maintenance, transcription, or DNA repair. For example, a change of the chromatin structure during DNA repair could modulate functional accessibility of the gene regulatory elements within the promoter region and potentially persist for a long time after removal of the lesion. Intriguingly, transcription factors Sp1 and CREB, which are most critical for regulation of the human CMV promoter ([@B40]), both require histone acetylation for accomplishment of their gene activatory functions ([@B41],[@B42]).

To search for a chromatin signature marking the oxidatively damaged DNA, we have quantitatively analysed several histone modifications associated with gene activation or repression. Increased methylation of histone H3 lysines 9 (H3K9Me2) and 27 (H3K9Me3) are the best studied histone tail modifications that promote gene silencing in mammals via inducing formation of heterochromatin ([@B26]) and DNA methylation. H3K9Me2 and/or H3K27Me3 are robustly associated with gene silencing in human cancers ([@B43]) and therefore were initially regarded as candidate histone modifications relevant for silencing of the oxidatively damaged transgene. However, the ChIP data did not provide a convincing evidence for requirement of either H3K9Me2 or H3K27Me3 for silencing of the damaged transgene ([Figure 5](#F5){ref-type="fig"}). At the same time, we cannot exclude that small changes in these histone modifications could escape detection due to overall low DNA recoveries and, in consequence, relatively broad experimental error margins. Among the histone modifications studied here, only acetylation of histone H4 was significantly different between the promoter regions of the damaged and undamaged plasmid genes. The capability of a HDAC inhibitor trichostatin A to partially restore expression of the damaged gene ([Figure 6](#F6){ref-type="fig"}) indicates that histone deacetylation is involved in the gene silencing mechanism. However, in view of rather modest change in histone H4 acetylation levels ([Figure 5](#F5){ref-type="fig"}), it is likely that other chromatin marks and gene silencing mechanisms contribute to the transcriptional inactivation of the oxidatively damaged DNA as well.

Transcriptional inactivation of the oxidatively damaged gene described here has common features with the silencing mechanism operating at a transgene integrated into the chromosomal DNA ([@B44]), which was found to be initiated by deacetylation of histones H3 and H4, followed by dimethylation of histone H3 K9 (after 17--19 days) and by massive methylation of CpG nucleotides in DNA (after 100 days). Interestingly, the gene silencing marks H3K9Me2 and H3K27Me3 were not found at the onset of transcriptional silencing ([@B44]). Possibly, these relatively late events of histone methylation are therefore not observable after 24 h in our study. In contrast to the integrated transgene ([@B44]), we found very low levels of histone H3 acetylation at the transiently transfected gene even under the conditions of active gene expression ([Figure 4](#F4){ref-type="fig"}), indicating that histone H3 acetylation is not required for active expression of the transiently transfected DNA. This particularity can probably be explained by the expectation of a replacement variant H3.3 to be a major histone H3 species in the transiently transfected plasmid, as the conventional H3.1 variant requires DNA replication for its deposition ([@B45],[@B46]).

In summary, we demonstrated that oxidative DNA base damage can cause transgene inactivation by triggering degradation of the damaged DNA, but primarily via induction of a persistent state of transcriptional repression. We have found that histone H4 acetylation was slightly but reproducibly decreased at the promoter region of the damaged gene, possibly contributing to a gene silencing mechanisms that act specifically on the oxidatively damaged DNA. Given that oxidative base damage is continuously induced in chromosomal DNA by endogenously generated reactive oxygen species under physiological conditions, it would be of great importance to establish whether such endogenously-generated damage could influence the expression of the adjacent genes in the cell.
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